Objectives-Thrombin interacts with platelets via the protease-activated receptors (PARs) 1 and 4, and via glycoprotein Ib␣ (GPIb␣). Recently, it was shown that platelets are able to adhere to immobilized thrombin under static conditions via GPIb␣. Methods and Results-Here, we show that platelets are also able to adhere to and form stable aggregates on immobilized thrombin under conditions of flow. Adhesion and aggregation to thrombin was dependent on the interaction with GPIb␣, as addition of glycocalicin or an antibody blocking the interaction between thrombin and GPIb␣ inhibited platelet adhesion. Additionally, platelet adhesion to recombinant thrombin mutants, which are unable to bind GPIb␣, was severely suppressed. Furthermore, platelet adhesion to thrombin was dependent on activation of PARs, and partly on granule secretion and thromboxane-A2 synthesis. Immobilization of thrombin on a fibrin network resulted in substantially increased adhesion compared with fibrin alone. The adhesion to fibrin alone was completely abolished by addition of dRGDW, whereas fibrin-bound thrombin still showed substantial platelet adhesion in the presence of dRGDW, indicating that fibrin-bound thrombin is able to directly capture platelets under flow. 
T hrombin has a central role in hemostasis. It activates platelets, cleaves fibrinogen into fibrin, and activates factor XIII. Furthermore, thrombin enhances coagulation by activating factors V, VIII, and XI, but it also inhibits coagulation by activating protein C, and attenuates fibrinolysis by activating thrombin activatable fibrinolysis inhibitor (TAFI). On clot formation, thrombin is immobilized to the fibrin clot, 1 and this binding to fibrin could be important in localizing thrombin to the site of vascular injury. Fibrinbound thrombin is protected against inactivation by the heparin-antithrombin complex, 2, 3 but the active site still remains accessible, as fibrin-bound thrombin is still capable of cleaving fibrinogen and activating factor XI. 4 Thrombin can activate platelets via the protease-activated receptors (PARs) PAR1 and PAR4, which are generally assumed to account for the moderate-and low-affinity binding sites for thrombin, respectively. 5 GPIb␣ is described to be the high-affinity receptor for thrombin. 6, 7 GPIb consists of 2 subunits, GPIb␣ and GPIb␤, and is expressed in platelets as a complex with GPIX and GPV in a 2:2:2:1 stoichiometry. However, there are Ϸ25 000 copies of GPIb␣ on the platelet surface, but only a small number (Ϸ100 to 1000) appear to be involved in the high-affinity binding of thrombin. 8 The localization of the GPIb-IX-V complex in rafts has proved to be important in platelet activation by von Willebrand Factor (vWF), 9 and it has been postulated that raft association may also account for the difference in high-affinity binding sites for thrombin and GPIb␣ copies on the platelet. 10 Thrombin contains 2 anion binding sites or exosites referred to as exosite I and exosite II, a catalytic pocket and a Na ϩ binding site. Exosite I is important in the binding of multiple substrates, including fibrin and fibrinogen 11 and PAR1, 12 whereas exosite II is referred to as the heparin binding site. 13 The catalytic pocket is responsible for the actual cleavage of the substrates, and the amount of Na ϩ bound to the Na ϩ binding site regulates the affinity of thrombin for its substrates (reviewed by Di Cera 14 ). Recently, site-directed mutagenesis has indicated the involvement of many basic exosite II residues in GPIb␣ binding. 15, 16 In addition, the crystal structures of thrombin bound to GPIb␣ reported by Celikel et al 17 and Dumas et al 18 revealed the importance of both exosites of GPIb␣ in the binding of thrombin. Although there were many discrepancies between the 2 structures, which resulted in fundamentally different functional interpretations, both structures showed that 2 thrombin molecules can interact with a single GPIb␣ mole-cule, one via exosite I and the other via exosite II. It was proposed that the first thrombin molecule binds via its exosite II to GPIb␣, which is followed by a conformational change in GPIb␣, after which a second thrombin molecule can bind via its exosite I to a different location on GPIb␣. The interpretation of Celikel involved dimerization of 2 GPIb␣ molecules on the same platelet via thrombin, whereas Dumas described the possibility of aggregation of platelets via 2 GPIb␣ molecules bridged by thrombin (reviewed by Sadler 19 ).
It was previously shown that platelets are able to adhere to immobilized thrombin under static conditions. 20 However, it is unclear whether this interaction is sufficiently strong to resist shear forces. In this study, we investigated whether platelets could interact with immobilized thrombin under flow conditions. Furthermore, the role of fibrin-bound thrombin is not yet completely understood, and in this study we investigated whether fibrin-bound thrombin contributes to platelet adhesion. We show that thrombin immobilized either directly on a glass coverslip or on fibrin induces platelet adhesion and aggregate formation under flow conditions, which is dependent on its interaction with GPIb␣.
Methods
For Methods, please see the data supplement, available online at http://atvb.ahajournals.org.
Results

Platelet Adhesion and Aggregate Formation to Immobilized Thrombin Under Conditions of Flow
To investigate whether thrombin immobilized on a surface is able to interact with platelets under conditions of flow, reconstituted blood was perfused over immobilized thrombin for 5 minutes at a shear rate of 300 s Ϫ1 . Real time perfusion experiments showed rapid adhesion of single platelets to the surface, followed by the formation of large aggregates at sites of primary platelet adhesion (for movie capture, please see http://atvb.ahajournals.org). The aggregates were stable, and embolization only occurred sporadically. Figure 1A shows a microscopic picture of platelet adhesion and aggregate formation to immobilized thrombin after 5 minutes of perfusion at a shear rate of 300 s Ϫ1 . Scanning Electron Microscope analysis supports our observations that large stable aggregates were formed on top of initially spread platelets ( Figure   1B ). Platelet adhesion to coverslips that were coated only with blocking buffer (BSA) was virtually absent (Figure 2) . In contrast to platelet adhesion to vWF, 21 platelets did not roll on immobilized thrombin before firm adhesion, but rather attached instantly. Perfusion experiments using a range of shear rates (100 s Ϫ1 to 4000 s Ϫ1 ) showed platelet adhesion at all shear rates tested, with optimal adhesion at a shear rate of 300 s Ϫ1 (data not shown). For further perfusion experiments, a shear rate of 300 s Ϫ1 was used, which is comparable to venous shear rates.
Platelet Adhesion to Immobilized Thrombin Is Mediated by GPIb␣
To investigate whether GPIb␣ is involved in platelet adhesion to immobilized thrombin, we perfused reconstituted blood over immobilized thrombin in the presence of an antibody directed against the thrombin-binding site of GPIb␣ (LJIb-10, 100 g/mL). As shown in Figure 2A , surface coverage is substantially and significantly reduced on addition of LJIb-10. Also, addition of glycocalicin (GC, 50 g/mL), a proteolytic fragment of the extracellular domain of GPIb␣, inhibited platelet adhesion to immobilized thrombin ( Figure 2A ). Platelet adhesion to immobilized thrombin was not dependent on the GPIb-vWF interaction, as an antibody against vWF (RAG-35, used in a dilution of 1:250), interfering with the interaction of vWF with GPIb␣, did not show a reduction in platelet adhesion ( Figure 2A ).
Platelet Adhesion to Immobilized Thrombin Requires Activation of PARs, Secretion of ADP and Thromboxane A2 Synthesis
Next, we investigated the role of PAR1 and PAR4 in platelet adhesion to immobilized thrombin. Platelet adhesion to immobilized thrombin could be blocked by addition of an . Platelet adhesion to immobilized thrombin. Reconstituted blood was perfused over a coverslip coated with 25 g/mL thrombin at a shear rate of 300 s Ϫ1 for 5 minutes at 37°C using a single-pass perfusion chamber. After perfusion, coverslips were fixed and stained with May-Grü nwald/Giemsa and examined by light microscopy (original magnification 400ϫ; A), or coverslips were fixed and examined by Scanning Electron Microscopy (original magnification, 2500ϫ; B). Representative images of at least 6 independent experiments are shown. inhibitory antibody against PAR1 (Figure 2A ). Platelets desensitized for either PAR1 or PAR4 with the PAR1 activating peptide SFLLRN (15 mol/L, 30 minutes, 37°C) or the PAR4 activating peptide GYPGQV (1 mmol/L, 30 minutes, 37°C) had a reduced capacity to adhere to immobilized thrombin (Figure 2A) . Furthermore, platelet adhesion to thrombin was almost completely abolished when thrombin was preincubated for 30 minutes at 37°C with 50 mol/L PPACK, which blocks the active site of thrombin.
Inhibitors of the ADP-receptors P2Y1 (A3P5P, 300 mol/L) and P2Y12 (AR-C69931MX, 1 mmol/L) partly inhibited platelet adhesion and aggregate formation to immobilized thrombin ( Figure 2A) . Also, the thromboxane-receptor analog SQ30741 (10 mol/L) partly inhibited platelet aggregation to immobilized thrombin. Platelet adhesion to immobilized thrombin did not involve the integrin ␣ IIb ␤ 3 , as platelets pretreated with dRGDW (200 mol/L), a peptide which blocks ligand binding to ␣ IIb ␤ 3 , readily adhered to thrombin. Although in the presence of dRGDW aggregate formation was absent, spreading features such as pseudopod formation and filopodia extension were present ( Figure 2B ).
Platelet Adhesion to Immobilized Thrombin Is Dependent on the Interaction Between Thrombin Exosite II and GPIb␣
To investigate the interaction between thrombin exosites and the role of GPIb␣ in the adhesion of platelets to immobilized thrombin, we performed perfusion experiments using the recombinant thrombin (exosite II) mutants R98A and R89A/R93A/E94A, which were previously shown to lack the ability to bind GPIb␣. 22 When reconstituted blood was perfused over these recombinant thrombin mutants, platelet adhesion was almost completely absent, whereas platelet adhesion and aggregation to recombinant wild-type thrombin was similar to that observed using plasma-derived thrombin (Figure 3) . Also, platelet adhesion to a recombinant thrombin with a mutation in the Na ϩ binding site (E229A) was abolished. Y71A, which has a reduced binding capacity for exosite I ligands such as fibrinogen, 11 supported platelet adhesion and aggregation comparable to wild-type thrombin (Figure 3) .
To investigate whether the decrease in platelet adhesion is caused by a reduced potential to activate platelets, platelets were aggregated in suspension with the recombinant thrombin mutants. Details of these experiments will be published elsewhere (Myles et al, unpublished data, 2005) . The platelet aggregatory potential of Y71A (EC50ϭ4.3Ϯ0.1 nmol/L), R98A (EC50ϭ9.7Ϯ0.3 nmol/L), and R89A/R93A/E94A (EC50ϭ3.0Ϯ0.4 nmol/L) was moderately reduced compared with wild-type (EC50ϭ1.2Ϯ0.2 nmol/L). The observation that Y71A and R89A/R93A/E94A have a similar EC50 for aggregation in suspension, but that only R89A/R93A/E94A has a substantially decreased response to immobilized thrombin under flow, indicates that flow-mediated adhesion requires exosite II but not exosite I. However, E229A showed an EC50-value of 39.9Ϯ0.1 nmol/L, again indicating that the so-called slow form of thrombin has a severely impaired capacity to activate PAR1.
Fibrin-Bound Thrombin Contributes to Platelet Adhesion and Aggregate Formation
Subsequently, we investigated platelet adhesion to immobilized fibrin and fibrin-bound thrombin. Reconstituted blood was perfused for 5 minutes at a shear rate of 300 s Ϫ1 over fibrin-coated coverslips, which were incubated with thrombin (25 g/mL) or vehicle. Platelets readily adhered to fibrin as shown in Figure 4A . Platelet adhesion and aggregate formation substantially increased on fibrin with bound thrombin compared with fibrin alone as shown in Figure 4B and increased with increasing thrombin concentrations with half-maximum effect obtained at 15 g/mL thrombin and maximum effect reached at 50 g/mL thrombin (data not shown). Platelet adhesion to fibrin is fully dependent on ␣ IIb ␤ 3 , and therefore after addition of dRGDW (200 mol/L) adhesion was abolished ( Figure  4C) . However, Figure 4D shows that in the presence of dRGDW platelets did adhere to fibrin-bound thrombin, indicating that fibrin-bound thrombin is able to directly bind platelets. Figure 4E shows the surface coverage results of Figure 4A through 4D.
To study whether platelet adhesion to fibrin with thrombin is also dependent on GPIb␣, platelets were pretreated with the snake venom Nk (5 g/mL), which sheds GPIb␣ from the platelet surface. Platelet adhesion to fibrin alone is partially inhibited by Nk, indicating the involvement of GPIb␣ in adhesion to fibrin ( Figure 5 ), which is in agreement with experiments performed by Hantgan et al, who showed that platelet adhesion to fibrin is in part dependent on GPIb␣. 23 The increase in adhesion of fibrin-bound thrombin was inhibited completely by Nk, as seen in Figure 5 . Furthermore, PPACK and an inhibitory antibody against PAR1 inhibited the increase in surface coverage obtained by exposing the fibrin to thrombin ( Figure 5 ).
Recombinant thrombin mutants could also increase adhesion to fibrin as compared with wild-type thrombin Figure 3 . Platelet adhesion to immobilized thrombin is dependent on exosite II. Reconstituted blood was perfused for 5 minutes at a shear rate of 300 s Ϫ1 over a coverslip coated with 25 g/mL wild-type (WT) thrombin or 25 g/mL thrombin mutant. After perfusion, coverslips were stained with May-Grü nwald/ Giemsa and examined by light microscopy. Graph shows mean surface coverage of at least 3 independent experiments performed in triplicate. **PϽ0.01. Error bars indicate standard deviation.
(please see Figure I , available online at http://atvb.ahajournals. org). However, only wild-type thrombin was capable of inducing large aggregates, whereas immobilization of thrombin mutants only increased surface coverage. The thrombin mutant E229A could not contribute to platelet adhesion to fibrin but also did not respond in aggregation experiments. In the presence of dRGDW, platelet adhesion to thrombin mutants R98A, R89A/R93A/E94A, and E229A was significantly reduced compared with wild-type, indicating that platelet adhesion to fibrin-bound thrombin also requires binding of GPIb␣ and activation of PARs (please see Figure  I , available online at http://atvb.ahajournals.org). Also, Y71A failed to induce platelet adhesion on fibrin in the presence of dRGDW. In the presence of dRGDW, platelet adhesion to the recombinant thrombin mutants was not significantly increased compared with fibrin alone.
Discussion
This study shows that thrombin immobilized on a coverslip or on fibrin is able to capture platelets under conditions of flow. The capacity of thrombin to function as a platelet adhesive protein has not been recognized previously. Perfusion of reconstituted blood over immobilized thrombin resulted in rapid platelet adhesion and the formation of large stable aggregates. Platelet adhesion was shown to be dependent on GPIb␣ and the proteolytic activity of thrombin. We propose the following sequence of events leading to the formation of a stable aggregate when thrombin is immobilized on a surface. Immobilized thrombin is able to capture platelets from flowing blood via GPIb␣. Subsequently, intracellular signaling occurs in response to thrombin binding to GPIb␣ and activation of PAR1 and PAR4, resulting in the formation of thromboxane A2 and secretion of ADP and the activation of ␣ IIb ␤ 3 . These processes are responsible for the stable adhesion to thrombin and the formation of aggregates.
Activation of ␣ IIb ␤ 3 is not mandatory for primary platelet adhesion to thrombin, as platelets readily adhere in the presence of dRGDW, whereas signal transduction via PARs, thromboxane A2, and ADP is required for primary adhesion. These processes result in inside-out signaling to GPIb␣ 24 or relocation of GPIb␣ into lipid rafts, 9 which we hypothesize to be required for a firm GPIb␣-thrombin interaction. However, we cannot exclude that other (unknown) receptors contribute to stable platelet adhesion to thrombin.
Platelet adhesion to immobilized thrombin is dependent on the interaction between thrombin exosite II and GPIb␣ on the platelet surface. This is demonstrated by the fact that antibodies against the thrombin binding site on GPIb␣ inhibit platelet adhesion to immobilized thrombin. Furthermore, recombinant thrombins with mutations in exosite II, which virtually abolish the interaction with GPIb␣, did not induce platelet adhesion and aggregate formation when immobilized directly on a coverslip, whereas the exosite I mutant does support adhesion. Taken together, these results provide strong evidence that exosite II is essential for platelet adhesion to immobilized thrombin mediated by GPIb␣, and that the interaction of GPIb␣ with exosite I apparently is not required or capable of inducing platelet . Platelet adhesion to fibrin-bound thrombin is dependent on GPIb␣ and PAR1. Reconstituted blood was perfused over fibrin-bound thrombin (FbϩIIa) or fibrin alone (Fb) after pretreatment with Nk (left section), PPACK (mid section), or an inhibitory antibody against PAR1 (right section). After perfusion, coverslips were stained with May-Grü nwald/Giemsa and examined by light microscopy. Graph shows mean surface coverage of at least 3 independent experiments performed in triplicate. Adhesion to fibrin alone is indicated as 100% relative coverage. **PϽ0.01; ***PϽ0.001; ns indicates not significant. Error bars indicate standard deviation.
adhesion under flow conditions. This is in correspondence with the observations of Celikel et al, 17 who reported that thrombin first binds to GPIb␣ via exosite II, after which a second molecule can bind via exosite I.
Although we show that thrombin can act as a platelet adhesive protein, thrombin is usually not present as a surface-bound protein but functions in hemostasis primarily as a soluble protein. Nevertheless, on clot formation thrombin is immobilized to the fibrin clot 1 and this binding to fibrin may be important in localizing thrombin to the site of vascular injury. Our results show that when thrombin is bound to fibrin, platelet adhesion and aggregate formation are substantially enhanced. Although relatively high concentrations of thrombin are required for this process, it would make sense to believe that local thrombin concentrations bound to fibrin could rise to high levels and thereby contribute in the post-recruitment of platelets to the fibrin-clot. Also, in the presence of dRGDW, which completely blocks adhesion to fibrin, platelets readily adhere to fibrin-bound thrombin. This suggests that fibrinbound thrombin not only increases platelet adhesion and aggregation by enhancement of platelet activation mediated by PARs, but also is able to directly capture platelets via GPIb␣. This is further demonstrated by the experiments shown in Figure 5 , which show that the increase in platelet adhesion to fibrin with bound thrombin is abolished when platelets are depleted from GPIb␣ after pretreatment with Nk.
When bound to fibrin, exosite II mutants contributed to platelet adhesion in the absence of dRGDW, which most likely reflects enhancement of platelet activation via PARs. As these exosite mutants could not initiate platelet adhesion in the presence of dRGDW, we conclude also that fibrin-bound thrombin is able to capture platelets via GPIb␣. Although Y71A has a reduced binding capacity for fibrin, it can still contribute to platelet adhesion to fibrin. However, it is unable to induce platelet adhesion in the presence of dRGDW. It appears that in our experimental setup the amount of Y71A, which has bound to fibrin, still has the potential to activate PARs and contribute to platelet adhesion to fibrin but is present in insufficient amounts to directly capture platelets via GPIb␣.
It is important to note that when thrombin is immobilized on a surface, probably thrombin exosites are not both available for ligand binding. Whether the fibrin-bound thrombin is bound to fibrin via exosite I or exosite II is still a matter of debate. Extensive reviews have been dealing with this controversy (Huntington, 25 Mosesson, 26 and Lane 27 ). Although from the results in the present study we cannot confirm the exact mechanism of how thrombin is bound to fibrin, the fact that adhesion of GPIb␣-depleted platelets to fibrin-bound thrombin is strongly diminished compared with control platelets, combined with the observation that platelet adhesion to thrombin itself is mediated by thrombin exosite II, suggests that thrombin is bound to fibrin via exosite I and contributes to platelet adhesion via a GPIb␣-dependent interaction with exosite II. Although exosite I interacts with fibrin, and thrombin also interacts via exosite I with PAR1, PAR1 can still be hydrolyzed by fibrin-bound thrombin. This seems contradictory, but Myles et al already described that the ability of thrombin mutants to activate PAR1 or clot fibrinogen differ profoundly, indicating the involvement of different exosite I residues in PAR1 activation and fibrin(ogen) binding. 12 In conclusion, these experiments show that immobilized thrombin can act as an adhesive surface and is able to directly capture and activate platelets under flow conditions. This platelet adhesion is dependent on the interaction of thrombin with GPIb␣, the activation of PARs, and the secretion of ADP and thromboxane A2. Platelet adhesion to fibrin-bound thrombin could be a novel target for new antithrombotic drugs, which could now more specifically interfere with the action of thrombin on platelets on the actual site of thrombosis.
